This research aims at reutilizing discarded plaster molds by using waste gypsum obtained from these molds as an inert filler in natural rubber. Its effects on curing characteristics were investigated in comparison with commercial gypsum and calcium carbonate. These fillers were characterized by an X-ray diffractometer before being mixed with natural rubber at various amounts. Several ingredients necessary for curing via sulfur system were also incorporated.
Introduction
Although there are several new synthetic rubbers which have been developed to meet more demanding requirements, natural rubber (NR) still dominates nearly half of the total rubber consumption worldwide. The current trends and interests in chemical feedstock from renewable resources secure NR as the material of choice. NR is capable of rapid deformation and recovery along with strain crystallization [1] . It also exhibits outstanding characteristics such as good hysteretic properties, high tear strength, high tensile strength, and high green strength [2] . On the contrary, NR swells significantly when immersed in organic solvents at elevated temperatures and often shows poor fatigue resistance. To process NR into products with desired features, a number of ingredients, including vulcanizing agents, activators, accelerators, antioxidants, and fillers, must be incorporated. Among the chemicals used in rubber formulation, calcium carbonate (CaCO 3 ), kaolin or talc, are commonly used as inert fillers to reduce raw material cost. Although these fillers do not play an important role in improving mechanical or physical properties due to its low specific surface area [3] , they usually attribute to the increasing hardness and stiffness of rubber specimens [4] .
Gypsum (CaSO 4 .2H 2 O) is one of the most common sulfate minerals, forming naturally in a variety of environments including hydrothermal vents near mid-ocean ridges, marine sediments, and evaporated deposits. It is also a by-product of the manufacturing process of phosphoric acid from phosphate mineral. Gypsum is an ionic mineral with the crystal structure consists of pairs of adjacent layers parallel to the baxis containing the Ca 2+ cations and the tetrahedral SO 4 2-anionic groups [5] - [7] . About three-fourths of the total production of crude gypsum is calcined for use as building materials in plaster, Keene's cement, board products, tiles and blocks. Gypsum, in the form of plaster of Paris, is widely used in ceramic industries as plaster molds for slip casting. Generally, gypsum molds have limited lifetime and must be discarded when they are not capable of being used to cast proper ceramic products.
This research aims at reutilizing these discarded molds by making use of waste gypsum as a filler in NR. In the present study, curing characteristics of NR filled with waste gypsum were studied in comparison with those of NR filled with commercial gypsum and calcium carbonate.
Experimental

Chemicals and materials
Natural rubber of STR5L grade as well as other compounding ingredients including sulfur, zinc oxide, stearic acid, N-(1,3-Dimethylbutyl)-N'-phenyl-p-phenylenediamine (6PPD) and 2,2-Dibenzothiazole Disulfide (MBTS) were purchased from Sakdarungruangkit (Bangkok, Thailand). Calcium carbonate and commercial gypsum were obtained from C.P. Chemical Industry (Bangkok, Thailand).
Discarded ceramic plaster molds were collected from a local factory. After washing thoroughly, they were ground and sieved. The waste gypsum powder was then dried to remove excess water.
Rubber compounding
Natural rubber was mixed with difference fillers at various amount, as well as other chemicals necessary for curing via sulfur system. The compounding formulas are shown in Table 1 . Natural rubber and all ingredients, except the curatives (sulfur and MBTS) were added and mixed using an internal mixer (MX-500, Charoen Tut, Bangkok, Thailand) at a set temperature of 50 ºC with a rotor speed of 50 rpm and a fill factor of 0.7. The mixing was further carried out by a two-roll mill (LRM-S-110, Labtech, Samut Prakan, Thailand).
Cure characterization
The curing characteristics of the rubber compounds were studied using a TechPro/rheo TECH MD+ moving die rheometer (MDR, Winona, MN) in accordance with ASTM 5289-95. About 5 g of rubber compound was placed between a pair of rotating disks which was set at the temperature of 160 ºC. The minimum torque (M L ), the maximum (M H ), scorch time (t S2 ) and 90% of cure time (t C90 ) were then observed. Table 1 . Formulation of the rubber compound [8] .
Ingredient
Amount ( The curing rate index (CRI), which is a measure of cure reaction rate, was calculated according to Equation (1).
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Results and Discussion
Compositions of the fillers
XRD analysis of waste gypsum, commercial gypsum and calcium carbonate is revealed in Fig 1. It was found that calcium carbonate and gypsum mostly contains carbonate and phosphate which normally act as inert filler in NR. Fig. 1 . XRD spectra of waste gypsum, commercial gypsum, and calcium carbonate.
Curing characteristics
The effects of fillers on the curing characteristics of NR can be seen in Fig 2 -Fig 6. The curing characteristics at 160 ºC of calcium carbonate, commercial gypsum and waste gypsum filled NR compounds at various fillers loadings including the minimum torque (M L ), maximum torque (M H ), scorch time (t S2 ), 90% of cure time (t C90 ), 100% of cure time (t C100 ) and curing rate index (CRI) are shown.
From Fig 2 and Fig 3, it can be seen that when fillers loading increased, the values of both the minimum torque and the maximum torque of the fillers filled NR compounds increased. This indicated that incorporation of filler into the rubber matrix led to the higher viscosity and modulus to the rubber composites. When considering the type of filler on these two parameters, it can be seen that the commercial gypsum had a greater effect on the increasing of the minimum torque than, in decreasing order, calcium carbonate and waste gypsum, respectively but the increase in maximum torque of all fillers are similar. Scorch time indicates the period which a rubber compound can be processed at a given temperature before curing. In this experiment, time till two torque unit rise above the minimum (t S2 ) was measured as shown in Fig 4. It can clearly be seen that the presence of filler reduced the scorch time significantly. Moreover, the reduced scorch time of the NR compounds was further decreased with increasing filler loadings. It was found that the change in the scorch time when 50 phr of filler was incorporated into the NR compounds depended on the filler type. Waste gypsum had a greater effect on the reduction of the scorch time than calcium carbonate and commercial gypsum, respectively. The time required for the rubber compound to reach 90% of the state of cure or t C90 can be varied depending on the type of rubber compound and the thickness of the product. Fig 5 shows that the effect of the filler loading on the 90% cure time (t C90 ) of the NR compounds. In the case of calcium carbonate and waste gypsum filled samples, it can be observed that the 90% cure time decreased comparing with unfilled rubber. However, t C90 was almost unchanged in the case of commercial gypsum filled NR. CRI was measured of rate of vulcanization based on the difference between optimum vulcanization and incipient scorch time. It can be seen from Fig 6 that the cure rate index at 160 ˚C of the NR compounds was affected by the addition of these fillers. It was observed that the cure rate index of NR filled with calcium carbonate was almost unchanged while that of NR filled with commercial gypsum decreased markedly. Inversely, the cure rate index of NR filled with waste gypsum increased. These effects are possibly due to different compositions found among the fillers. It can also be stated that the filler loading did not affect the CRI. 
Conclusions
Waste gypsum obtained from discarded plaster molds was successfully used as an inert filler in natural rubber. The effects of waste gypsum as well as commercial gypsum and calcium carbonate as a filler on curing characteristics of natural rubber compounds were investigated. It was found that as the filler loading increased, the maximum and minimum torques also increased. In contrast, the scorch time and 90% cure time decreased with the increasing amount of the fillers. CRI was unaffected in the case of calcium carbonate filled NR however CRI noticeably lowered when the commercial gypsum was used as a filler. On the contrary, CRI gradually increased when the waste gypsum was used. The filler loading, however, had not effect on the CRI.
